A weak tropical storm (Gabrielle in 2001) experienced a 22-hPa pressure fall in less than 3 h in the presence of 13 m s 21 ambient vertical wind shear. A convective cell developed downshear left of the center and moved cyclonically and inward to the 17-km radius during the period of rapid intensification. This cell had one of the most intense 85-GHz scattering signatures ever observed by the Tropical Rainfall Measuring Mission (TRMM). The cell developed at the downwind end of a band in the storm core. Maximum vorticity in the cell exceeded 2.5 3 10 22 s
Introduction
described the conditions most likely to accompany rapid intensification of tropical cyclones. The presence of small ambient vertical wind shear and a symmetric distribution of deep convective clouds around the center were among the strongest of their criteria. Occasionally, however, rapid intensification occurs in storms with large ambient vertical wind shear and a strongly asymmetric structure. The nature of this asymmetric rapid intensification of sheared storms has only begun to be addressed in the literature.
Sheared tropical cyclones contain stronger convergence and upward motion downshear and especially downshear left Reasor et al. 2009; Braun et al. 2006) . They also contain larger CAPE, helicity, and local vertical wind shear downshear Vollaro 2008, 2010) . All of these factors support the observed preference for convection downshear (e.g., Corbosiero and Molinari 2002; Chen et al. 2006) , and the potential for severe convective cells in the same region (Molinari and Vollaro 2010) .
One common behavior in sheared tropical cyclones is the growth of cells downshear in the storm core and their subsequent dissipation upshear (Heymsfield et al. 2001; Black et al. 2002) . The rapid intensification of Hurricane Guillermo (1997) in the presence of 8 m s 21 ambient vertical shear has been studied by Eastin et al. (2005) , Reasor et al. (2009) , and Sitkowski and Barnes (2009) . Eastin et al. (2005) found buoyant eyewall updrafts greater than 2 m s 21 concentrated downshear-left and left of ambient shear at the 5.5-km level. The source of eyewall buoyancy appeared to be air from within the eye that was carried to the eyewall by mesoscale vortices. Reasor et al. (2009) noted that rapid intensification (RI) occurred during the development of clusters of convective cells downshear left associated with mesoscale ascent forced by the ambient shear. Sitkowski and Barnes (2009) showed that a partial eyewall left of the ambient shear repeatedly spiraled into the storm core during the period of rapid deepening.
Although it is a less common event, some storms experience RI even though ambient vertical wind shear is above 10 m s
21
. Hurricane Claudette (2003) deepened rapidly in large ambient shear as strong downshear convection reached the storm core (Shelton and Molinari 2009 ). In the presence of continuing large shear, the storm quickly weakened and was a hurricane for only 6 h. At hurricane strength, extremely dry air upshear created an enormous radial gradient of equivalent potential temperature (6 K km
) just outside the eyewall. Shelton and Molinari (2009) argued that the dry air resulted from shear-induced subsidence. They further hypothesized that cold downdrafts arising from the mixing of this dry air into the core caused the reversal of deepening. This argument is consistent with the downward flux of low entropy air in simulated storms with large ambient shear found by Riemer et al. (2010) .
Tropical storm (TS) Gabrielle (2001) , the subject of this study, also experienced a period of RI in the presence of ambient vertical wind shear above 10 m s 21 . The storm weakened slightly thereafter, and did not reach hurricane strength for more than 2 days.
Hurricane Dennis (2005) experienced RI in the presence of small ambient vertical wind shear. In a simulation of that storm, Rogers (2010) showed two isolated convective cells on either side of the storm core (his Fig. 5d ) just prior to the period of RI. These cells contained locally strong vertical velocity above 5 m s 21 and were located inside the radius of maximum winds. Rogers (2010) separated convective and stratiform regions. The onset of rapid intensification came about as a result of increased vertical mass flux in the lowest 1.5 km associated with an increase in the areal coverage of convection. Increases in stratiform precipitation occurred only after RI began.
The storms described above exhibit one common attribute and one key difference in behavior. All experienced significant diabatic heating within the radius of maximum winds (RMW) just prior to RI. This can be seen in key figures from each paper: Molinari et al. (2006) , and Fig. 5d from Rogers (2010) . Two recent idealized studies in the literature address the importance of the location of heating. Vigh and Schubert (2009) , using a balance model, found that heating inside the RMW was much more effective in strengthening the warm core (and thus intensifying the storm) than heating outside the RMW. Using a linearized primitive equation model, Nolan et al. (2007) defined kinetic energy efficiency (KEE), the relative efficiency of latent heating in generating kinetic energy of the circulation. Nolan (2007) argued that tropical cyclone genesis in his model occurred by a process in which first a midlevel vortex strengthened, producing a large increase in KEE in the storm core. Subsequently any heating that occurred near the center was far more efficient in generating a circulation. Even prior to the growth of the midlevel vortex, maximum KEE occurred from r 5 0 to r 5 40 km at elevations from 6-10 km. Based on those results, it will be argued in this paper that any heating in the middle and upper troposphere at small radii should favor deepening, as long as it occurs within the broad radius of maximum wind common in weak storms. This is consistent with the results of Vigh and Schubert (2009) described above.
Although all the storms above experienced diabatic heating within the RMW, they differed in their final intensity. The storms with low or moderate ambient shear (Dennis and Guillermo) became major hurricanes. In contrast, highly sheared storms Claudette and Gabrielle did not reach more than minimal hurricane intensity before weakening. Rapidly intensifying storms in large ambient shear might be limited in intensity by the large shear, as was recently proposed by J. Beven (2009, personal communication, via the Tropical Storms list) .
In the previous study of TS Gabrielle (2001) , Molinari et al. (2006) described the influence of an approaching upper level trough on the evolution of the storm. The current paper will revisit TS Gabrielle (2001), but will focus on the structure of an intense convective cell and its role in the sheared, asymmetric rapid intensification of the storm.
Data sources and calculation methods
The data sources for this study comprise (i) cloud-toground lightning locations from the National Lightning Detection Network (NLDN; Cummins et al. 2006; Cummins and Murphy 2009) ; (ii) aircraft reconnaissance data from the U.S. Air Force, who flew through the center six times between 0000 and 1200 UTC 14 September; (iii) 6-hourly gridded analyses from the European Centre for Medium-Range Weather Forecasts (ECMWF); (iv) Weather Surveillance Radar-1988 Doppler (WSR-88D) radar data from Tampa, Florida; and (v) one overpass from the Tropical Rainfall Measuring Mission (TRMM) suite of instruments. Use of the first three in tropical cyclones has been described in detail by Molinari et al. (2004 Molinari et al. ( , 2006 . One additional step was taken in processing the lightning data. Consistent with the findings of Biagi et al. (2007; see Cummins and Murphy 2009) , all positive cloud-to-ground flashes with peak current below 10 kA and half the flashes between 10 and 20 kA were removed, because these are likely to represent intracloud flashes.
The thermodynamic fields in the reconnaissance data are subject to sensor wetting errors (Eastin et al. 2002) . Based on U.S. Air Force adjustments for supersaturation, such errors are most likely where the temperature is unrealistically low and the air is saturated. (One point near 0848 UTC in Fig. 12 likely contains such an error. This error will not influence the interpretations of the reconnaissance data.)
The Tampa radar was positioned 130-150 km northeast of the center of TS Gabrielle during the times of interest in this study, and almost all of the precipitation was on the same side of the storm as the radar. This distance is close enough for meaningful radar reflectivity and Doppler velocity estimates (e.g., Klazura and Imy 1993) . Even after level III processing (Crum and Alberty 1993) , a few examples of apparent aliasing and range folding existed. Doppler winds and vorticity from the radar are shown only at the times and locations where no evidence for these problems was present. Stewart and Lyons (1996) describe the use of WSR-88D reflectivity and radial velocity in tropical cyclones.
One significant shortcoming is present in the WSR-88D level III Doppler winds. Apparently in order to aid in display, the data are sorted into bins of constant radial velocity. The vorticity field calculated from this radial velocity is problematic, because it contains meaningful maxima in regions of strong velocity gradients, but also narrow spurious maxima between bins. This problem is bypassed in the current paper by contouring vorticity only at or above 0.5 3 10 22 s
21
. This value is larger than any vorticity that arises from the artificial boundaries between the binned data. A limitation of this method is that no true vorticity fields of lesser magnitude can be identified; it isolates intense vorticity maxima only. Doppler winds themselves will also be shown so the reader can see the structure of the wind throughout the storm circulation.
The vorticity from the Doppler winds represents, of course, only one component of the relative vorticity. It is calculated using a cylindrical coordinate centered on the radar:
where R represents the distance from the radar, y rad is the one-dimensional Doppler velocity, and l is the azimuth. Centered differencing is used.
The land-based radar will be supplemented by the TRMM Precipitation Radar, which measured the storm at a key time in the evolution of the intense cell of interest in this paper. TRMM composite images and scattering at 85 and 37 GHz will also be examined.
Strong convective cells within TS Gabrielle occurred between 0500 and 0900 UTC 14 September. The relevant ambient vertical wind shear computed at 0600 UTC is 2718 at 13.3 m s 21 , based on gridded analyses from ECMWF. Two independent estimates for the same hour from the Statistical Hurricane Intensity Prediction Scheme (SHIPS) database (DeMaria et al. 2005) ) by the definitions of Corbosiero and Molinari (2002) and Molinari and Vollaro (2010) , and a virtually identical direction of ambient shear. The ECMWF estimate will be used in this paper. Ambient shear estimates from global models come surprisingly close to those based on a near-core vertical wind shear in the few available studies (Eastin et al. 2006; Braun et al. 2006; Reasor et al. 2009 ).
The application of helicity concepts to tropical cyclones has been addressed by Vollaro (2008, 2010) and Baker et al. (2009) . Helicity in this paper is calculated from 0-3 km in the vertical using the expression of DaviesJones et al. (1990) . Molinari and Vollaro (2010) calculated cell motion following the procedure of Ramsay and Doswell (2005) . Recent evidence suggests that tropical cyclone supercells might not move as strongly to the right as in midlatitudes (Eastin and Link 2009) . In this paper a more conservative cell motion estimate will be used: that of the vector mean wind in the 0-6-km layer. This estimate produces about a 40% reduction in helicity values (McCaul 1991; Molinari and Vollaro 2008) .
3. Vortex-scale evolution of Tropical Storm Gabrielle Musgrave et al. (2008) studied the initial formation of TS Gabrielle on 9 September 2001. Gabrielle developed underneath a nontropical midtropospheric low that drifted westward from Florida to the Gulf of Mexico prior to storm formation. Musgrave et al. (2008) noted that without this feature, no tropical storm developed. Gabrielle thus contained qualities of a subtropical storm early in its history. The Musgrave et al. (2008) simulation ended on 13 September.
Tropical Storm Gabrielle never developed a closed eyewall prior to its landfall near Venice, Florida, at about 1200 UTC 14 September, and its convection remained asymmetric. Knupp et al. (2006) and Kim et al. (2009) examined the precipitation structure in TS Gabrielle over land. Sharp et al. (2002) studied the occurrence of tornadoes over Florida when the storm center was near and over land.
In between the periods covered by the above studies, TS Gabrielle experienced a dramatic intensification. Minimum central pressure fell 22 hPa in less than 3 h prior to 0900 UTC 14 September. Figure 1 displays the track of the storm and estimates of minimum central pressure during a 12-h period that includes the rapid intensification. The best track from the Tropical Prediction Center was not used in this figure because its 6-hourly resolution was too coarse. Instead, the track in Fig. 1 gives the locations of minimum D value (i.e., minimum height of the flight-level pressure surface) for each center crossing by U.S. Air Force reconnaissance aircraft. The crossing at 0744 UTC appeared to show the original center plus a new circulation developing nearby ; the original center is plotted in Fig. 1 . No central pressure estimate was available at that time. Figure 1 reveals a weak tropical storm that intensified suddenly and dramatically, then weakened somewhat prior to landfall. Using 6-hourly best-track wind data, TS Gabrielle intensified by 12.9 m s 21 in 24 h (1200 UTC 13 September-1200 UTC 14 September), which fits one of the rapid intensification criteria used by Kaplan and DeMaria (2010) . The intensification rate of the storm was likely even larger, because minimum central pressure occurred near 0900 UTC 14 September, intermediate to the best-track values. Table 1 compares the composite RI parameters of Kaplan and DeMaria (2010) for 12.9 m s 21 deepening per 24 h to non-RI values from the same authors and to the same parameters in TS Gabrielle. All except PER are averaged over the 24-h period of RI. PER represents a 12-h intensity change just before the 24-h period of interest. Two parameters were more favorable in TS Gabrielle than for standard RI: larger 200-hPa divergence and a greater deficit from maximum potential intensity. But the remaining six parameters took on less favorable values in TS Gabrielle than in standard RI. Two of these, vertical wind shear and cold cloud asymmetry, were even less favorable than those of the non-RI events in Table 1 . There appear to be fundamental differences between the RI in TS Gabrielle and the statistical means found by DeMaria (2003, 2010) . The nature of this asymmetric RI will be investigated in this paper. Kaplan and DeMaria (2010) to the same values in TS Gabrielle. The Kaplan and DeMaria (2010) Atlantic basin mean and standard deviation during deepening of 12.9 m s 21 in 24 h are given in the second column, the same values for non-RI cases are given in the third column, and the TS Gabrielle values are shown in the fourth column. All fields except PER are averaged over 24 h; in TS Gabrielle that represents the mean between 1200 UTC 13 Sep and 1200 UTC 14 Sep 2001. Kaplan and DeMaria (2010) An approaching midlatitude upper-tropospheric trough played a key role in the storm evolution. Molinari et al. (2006) found that the eddy angular momentum flux convergence criterion for a significant trough interaction (Hanley et al. 2001) was met during all 6-h periods on 14 September. Figure 2 displays a potential vorticity map on the 350-K isentropic surface at 0600 UTC 14 September. Molinari et al. (2006) provided similar maps at 0000 and 1200 UTC. Molinari et al. (2006) used an adiabatic balanced model to show that the approach of the trough produced a steady increase in both balanced and observed outflow at 200 hPa (and thus mean upward motion in the storm) between 0000 and 1200 UTC 14 September. The approach of the trough was accompanied by an increase in ambient vertical wind shear as well. As noted in section 2, wind shear was from the west at 13.3 m s 21 at the time of Fig. 2 . Figure 3 displays reflectivity from the WSR-88D radar at Tampa at 0741 UTC 14 September. The storm center implied by the cyan wind barbs (see discussion below) lies about 150 km from the radar. At that distance, and for the 0.58 elevation angle shown, the center of the radar beam lies at about the 3-km level (Klazura and Imy 1993) . The influences of vertical wind shear and the upper trough created a strongly asymmetric precipitation field in TS Gabrielle. Almost all the precipitation lay in the downshear-left quadrant. No deep convection existed upshear (see infrared satellite images in Molinari et al. 2006, their Figs. 6-9) .
Also plotted in Fig. 3 are 850-hPa winds from U.S. Air Force reconnaissance aircraft from 0728 to 0754 UTC, in 1-min (roughly 6 km) increments. The storm motion has been subtracted, so that the wind barbs represent stormrelative winds. High wind speeds and strong inflow existed within the precipitation shield downshear left of the original center (magenta wind barbs). Weaker winds and outflow were present upshear right in the region without deep clouds. A second center of circulation (cyan wind barbs) appeared to be developing downshear left of the original center. About 90 min earlier at 0615 UTC, aircraft reconnaissance reported a broad, ill-defined center. Figure 3 suggests that 0741 UTC represented a key transition to a new center within the downshear precipitation. Figure 4 displays the distribution of cloud-to-ground lightning with respect to the center of TS Gabrielle for three periods on 14 September: 0500-0629 UTC (green), 0630-0759 UTC (blue), and 0800-0859 UTC (red). Several aspects of this distribution are striking: (i) lightning was restricted to a narrow region left of downshear; (ii) lightning shifted inward with time against the ambient shear vector; (iii) the inward shift occurred discretely in the form of three separate cells developing progressively closer to the center; and (iv) the final cell formed northeast of the center near the 25-km radius, 
adjacent to the developing circulation center shown in Fig. 3 . The lowest pressure in the storm prior to landfall occurred at 0851 UTC during the lifetime of the last cell. It will be seen in the following sections that this cell was one of the most intense ever observed in tropical cyclones. Vollaro (2008, 2010) noted the substantial enhancement of helicity and CAPE downshear of tropical cyclones experiencing large ambient shear. They used the energy helicity index (EHI), a normalized product of helicity and CAPE, to measure the likelihood of severe cells. In TS Gabrielle, few data exist to evaluate these variables in the vicinity of the strong cells in Fig. 4 . The nearest ECMWF model grid point in time and space to the development of the intense cell shown in red in Fig. 4 was found just downshear left of the center at 0600 UTC 14 September. That grid point exhibited CAPE of 1162 J kg 21 and helicity of 31 m 2 s 22 , giving a small EHI of about 0.2. Although this would not likely support a supercell, the global model lacks resolution and might not be representative. The nearest sounding to the cell is the Tampa, Florida, sounding at 1200 UTC, which lies about 60 km downshear left of the center, about the same relative location as the cell 3 h before. Helicity at that time reached 795 m 2 s 22 , an exceptionally large value. CAPE was nearly zero, and the resulting EHI was again not supportive of severe cells. But this point lies over land, where the air was unusually cool (Knupp et al. 2006) and not representative of air over the Gulf of Mexico near the storm.
Another source exists for CAPE and helicity calculations. Sharp et al. (2002) simulated TS Gabrielle using the Advanced Regional Prediction System (ARPS) Data Analysis System (ADAS) high-resolution analysis/ simulation system (10-and 2-km inner-nested grid spacings) that contains much higher resolution and better model physics than the ECMWF model. Although Sharp et al. (2002) were focusing on supercells over land, their analysis region included the downshear-left quadrant adjacent to the storm center at 0900 UTC 14 September. The strong cell in TS Gabrielle formed in that region about one hour earlier. CAPE values over water in their analyses at 0900 UTC exceeded 1500 J kg 21 downshear of the center, in the same region where helicity exceeded 300 m 2 s
22
. Even after adjustment for a more conservative cell motion estimate (see section 2), their analyses indicated EHI . 1 downshear of the storm, which supports the existence of severe cells (Hart and Korotky 1991) .
The environment of TS Gabrielle before and during its rapid intensification can be summarized as follows:
d A trough approached from the northwest, producing large ambient vertical wind shear, but also stronger forced upward motion ).
d In response to the vertical wind shear, precipitation became strongly asymmetric, occurring almost exclusively in the downshear-left quadrant.
d Based on the Sharp et al. (2002) simulation, helicity and CAPE were large enough in the downshear-left quadrant to support the existence of intense cells. The strongest wind speeds measured in the storm were located in the same region.
d Three long-lasting convective cells developed in the downshear-left quadrant, each progressively closer to the center with time, between 0500 and 0900 UTC.
d The last of the three cells developed near the storm center. During the life of this cell, reconnaissance aircraft reported 972-hPa minimum sea level pressure, 22 hPa lower than 2.5 h before.
In the following section the evolution of this cell will be examined in detail. . Lightning ended shortly after the cell moved into the upshear half of the circulation, consistent with other sheared storms (e.g., Heymsfield et al. 2001) . Lightning appears to reveal the evolution of strong updrafts better than radar reflectivity, because large reflectivity can continue to exist upshear in falling rain after updrafts have ended. Figure 6 displays the evolution of radar reflectivity over the same period as Fig. 5 , starting at 0801 UTC, just prior to the outbreak of significant lightning. These images cover a much smaller region than Fig. 3 in order to focus on the cell evolution. Also shown are 10 min of cloud-toground lightning flashes centered on the time of each radar image, and the location and diameter of mesocyclones determined using the WSR-88D algorithm (Stewart and Lyons 1996; NOAA 2006) . At 0801 UTC (Fig. 6a) , the extensive downshear precipitation shield resembled that from 20 min earlier (Fig. 3) . Little lightning was present. No clear sign of cyclonic curvature existed within the reflectivity. Ten minutes later (Fig. 6b) , a cluster of lightning flashes developed within a region of reflectivity above 45 dBZ. The lightning flash rate increased during the period centered on 0821 UTC (Fig. 6c) . Ten minutes later, as frequent lightning continued, the mesocyclone algorithm was triggered. The mesocyclone extended in the vertical from 2.0 to 6.3 km, and exhibited an elliptical shape in the horizontal that extended 22.8 3 15.4 km. It contained maximum shear vorticity (i.e., from the Doppler winds) of 2.2 3 10 22 s
Evolution of an intense cell during rapid intensification

21
, and visual evidence of rotation in the reflectivity field was much greater than 10 min before.
The size of this mesocyclone indicates that it is nothing like those that appear in tropical cyclone supercells, in which mesocyclones are typically 2-8 km in diameter (e.g., Eastin and Link 2009; Baker et al. 2009; McCaul et al. 2004 ). The algorithm was activated because the symmetry, Doppler velocity difference, maximum vorticity, and vertical coherence criteria for a mesocyclone were met. Subsequently this feature will be referred to as the inner-core vortex to avoid misleading terminology. One relevant question is whether this feature represents the cell or the tropical cyclone itself. The answer to this question will become apparent in later figures.
By 0841 UTC (Fig. 6e) , the inner-core vortex extended from 1.9 to 6.3 km in the vertical, and was nearly circular in the horizontal with a diameter of 23 km. A hook echo was present and the reflectivity field strongly resembled the supercell schematic of Lemon and Doswell (1979) . Lightning had become less frequent at this time. By 0851 UTC (Fig. 6f) , the weak echo region filled in somewhat and the hook was less well defined. The inner-core vortex extended through almost the same layer as before and had grown laterally to 28.7 3 23.7 km. A second smaller vortex existed to the northeast. Lightning within the cell had ended by this time. Figure 6f also records the path of a U.S. Air Force reconnaissance aircraft that passed near the center at the same time. Data from this flight will be examined later in this section. Figure 7 gives one-dimensional vorticity from the Doppler radial velocity plotted on the same reflectivity fields as in Fig. 6 , but on a cylindrical grid centered at the position of the radar. Reflectivity contours vary slightly from Fig. 6 as a result of interpolation. Only two vorticity contours are plotted: 0.5 and 1.5 3 10 22 s
. Small transient regions of vorticity greater than 0.5 3 10 22 s 21 existed at 0801, 0811, and 0821 UTC (Figs. 7a-c ). Yet only 10 min later at 0831 UTC (Fig. 7d) , maximum vorticity reached 2.2 3 10 22 s
, at the same time that the mesocyclone algorithm was triggered. This dramatic increase occurred on the southwest (downwind) end of the region of strongest radar reflectivity gradient. Shapiro and Willoughby (1982) found maximum vorticity generation in a symmetric vortex within the region of diabatic heating gradient. To the extent that the reflectivity gradient represents a comparable gradient in diabatic heating, the observed increase in vorticity might represent an asymmetric analog to the results of Shapiro and Willoughby (1982) . By 0841 UTC (Fig. 7e) , maximum vorticity had decreased to 1.8 3 10 22 s
, but large vorticity values extended all along the reflectivity gradient. By 0851 UTC (Fig. 7f) , maximum vorticity had shifted northward with the storm and increased again to 2.1 3 10 22 s
. A second vorticity maximum was present northeast of the first, associated with the second mesovortex in Fig. 6 . As before, the maximum vorticity tended to occur within or downwind of the region of maximum radar reflectivity gradient. The value of the vorticity maximum exceeded FIG. 7 . Radar reflectivity for the same times as in Fig. 6 , but plotted over a portion of the cylindrical grid centered on the radar. Also shown is the one-dimensional vertical vorticity calculated from the radar Doppler velocity [Eq. (1) in the text]. All fields are from data at the 0.58 elevation angle of the radar. Vorticity contours only for 10.5 and 1.5 3 10 22 s
. Heavy contours and hatching indicate vorticity above 1.5 3 10 22 s
that found in a simulation of rapid intensification by Rogers (2010) by a factor of 3. This provides another measure of the intensity of the cell. Little evidence of vorticity maxima existed southeast of the inner-core vortex at any time shown in Fig. 7 , suggesting the possibility of an azimuthal wavenumber-1 vorticity pattern. The features in Figs. 6 and 7 resemble those seen previously in tropical cyclones. Zipser and Gautier (1978, their Fig. 8 ) showed a schematic radar reflectivity structure and small vortex similar to that in Fig. 6e in a forming tropical depression. Although it was a much stronger storm, Hurricane Guillermo contained a hooklike feature at the downwind end of the eyewall (Sitkowski and Barnes 2009, their Fig. 5 ). Simpson et al. (1997) examined the genesis of Tropical Cyclone Oliver (1993) during a period that an eye developed. The storm contained a reflectivity maximum in the core associated with a hot tower at the downwind end of a crescent-shaped, azimuthal wavenumber-1 pressure minimum (their Fig. 9 ). Although vorticity was not given, balanced dynamics argues for a strip of cyclonic vorticity coincident with this feature. Its structure would then resemble Figs. 6d-f in this paper. Vertical wind shear in TS Oliver calculated from ECMWF analyses was from 2408 at 10 m s
. Adjusting for this Southern Hemisphere storm (where downshear right is equivalent to downshear left in the Northern Hemisphere), TS Oliver closely resembled TS Gabrielle. It is argued that Oliver might have intensified in a similar manner. Figure 8 displays the one-dimensional Doppler radial velocity in TS Gabrielle from the Tampa radar for the 0.58 elevation angle, representing approximately the 2.5-3-km elevation near the storm center. Two times are shown: 0816 and 0841 UTC. At each time, the broad radar radial velocity field is shown in the top panel, and an expanded view near the storm center in the bottom panel. The zero isodop lies between the pink and violet shading. These plots give a picture of how the broader tropical storm, the inner-core vortex, and the cell coexisted. Figure 8a (0816 UTC; top-left panel) shows a broad tropical storm circulation at larger radii from the storm center (as seen in the yellow shading for strong flow away from the radar, and dark blue shading for strong flow toward the radar). Lightning in the cell has been active for about 5-10 min at this time. Although the mesocyclone algorithm had not yet been activated, a second wind maximum had already developed at smaller radii, indicated by the separate regions of yellow and dark blue shading near the storm center. This suggests that the cell had already helped to produce some intensification of the new vortex downshear shown by the cyan wind barbs in Fig. 3 .
Figures 8c,d (right panels) reveal the circulation at 0841 UTC, after the cell had been active for more than 30 min. Some acceleration of the broader circulation occurred northwest of the center, but the major changes from 25 min earlier occurred as the inner-core vortex intensified (Fig. 8d) , producing Doppler wind maxima that exceeded 30 m s 21 on either side of the center at about the 10-12-km radius. Figure 9 gives the same sequence as Fig. 8 , but for the 1.58 elevation angle, which represents approximately the 5-km level at the location of the storm center. The Doppler velocities weakened upward at both times. Using the tropical storm symbol as a marker, it is apparent that the inner-core vortex at 0841 UTC is almost completely upright (cf. Figs. 8d and 9d) . The broader vortex, however, has a substantial tilt. In the lower troposphere (Fig. 8d) , the zero isodop extends northnortheastward from the center. In the midtroposphere (Fig. 9d) , the zero isodop in the broader vortex is shifted northward and westward, or approximately left of the ambient shear vector.
Figures 8 and 9 support the findings of Riemer et al. (2010) . They found in a simulated tropical cyclone experiencing large ambient shear that the inner-core vortex had a much smaller tilt than the outer vortex. They attributed the broad asymmetry in precipitation outside the core to the tilt of the outer vortex, with maximum precipitation in the direction of the outer vortex tilt. Figures 6e,f of this paper show a broad precipitation shield north of the center, consistent with the findings of Riemer et al.
The TRMM satellite made an overpass of TS Gabrielle at 0840 UTC 14 September, virtually coincident with Figs. 6e, 7e, 8c,d, and 9c,d. Lee et al. (2002) described the interpretation of TRMM data in tropical cyclones. Figure 10 presents the 37-GHz composite image. The concentrated intense convection (red shading) just east of original center shows clearly. Cyan regions over water give evidence of low cloud swirls west (upshear) of the storm center. The microwave scattering signature in the most intense part of the cell was exceptional. This scattering is measured by the polarization-corrected brightness temperature (PCT; Mohr and Zipser 1996) at both 85-and 37-GHz frequencies. The 85-GHz minimum PCT in the Gabrielle cell at 0840 UTC was 63 K (D. Cecil 2009, personal communication) . A collection of 127 000 TRMM ''precipitation features'' from tropical cyclones puts the Gabrielle cell 85-GHz PCT in the top 0.007% (H. Jiang 2009, personal communication). The 37-GHz PCT of 179 K was almost as exceptional. Such large scattering values are associated with frequent lightning, large ice content, and intense updrafts through a deep layer (Cecil et al. 2002 (Cecil et al. , 2005 ). Fig. 8 , but for the 1.58 elevation angle, which samples near the 5-km level at the storm center. Figure 11 displays reflectivity at three levels from the TRMM Precipitation Radar for the same time as Fig. 10 . Reflectivity near the surface exceeded 55 dBZ. The cyclonic banding of the reflectivity maxima indicates that a vorticity maximum had developed at the surface in association with this cell. Maximum reflectivity exceeded 45 dBZ at 7 km, and 35 dBZ at 12 km. Houze et al. (2009) described a cell in predepression Ophelia with reflectivity exceeding 40 dBZ at the 12-km height, and containing vertical motion above 10 m s 21 over a region 10 km deep and more than 10 km wide. The horizontal scale of the large reflectivity in Fig. 11 is comparable to that of the Ophelia cell at the 7-and 12-km elevations, suggesting that the cell in TS Gabrielle also contained broad updrafts through a deep layer. The 12-km reflectivity suggests that only a single updraft reached this level. This is similar to other intense cells measured by TRMM in tropical cyclones (Kelley et al. 2004 ). Kelley et al. found such deep cells isolated at the downwind end of bands of convection in the tropical cyclone core. The cell in TS Gabrielle fits this description.
FIG. 9. As in
Ten minutes after the TRMM overpass an Air Force reconnaissance flight at the 700-hPa level passed near the center along the path plotted in Fig. 6f . Figure 12 shows D value, temperature, and relative humidity The most striking aspect of this cross section is the strong narrow warm core representing an eyelike feature. It was accompanied by a reduction of relative humidity of more than 40% from the saturation on either side of the warm core, strongly supporting the existence of subsidence. This temperature anomaly appears to represent a local enhancement of the warm core of the tropical storm adjacent to the cell.
Earlier it was asked whether the inner-core vortex represented the cell or the tropical storm itself. In some ways the inner-core vortex seems to be directly associated with the cell. It developed adjacent to the cell (Fig. 8 ) and was associated with a strong local vorticity maximum (Fig. 7f) and a small intense warm core (Fig. 12) . Conversely, the reconnaissance-based wind field at 700 hPa in Fig. 12 revealed that this warm core existed within what is clearly a broad (100 km) tropical storm-scale disturbance. Figures 8 and 9 showed a nearly upright inner vortex within a tilted outer vortex. This configuration is consistent with balanced dynamics of a tropical cyclone experiencing large ambient vertical wind shear (Riemer et al. 2010) . It is argued that the cell, inner-core vortex, and broader tropical storm evolved in a coupled manner and are not easily separable.
Tropical Storm Gabrielle contained only the one strong cell near the core and one period of rapid deepening. After that period the storm was quasi-steady with little lightning prior to landfall. The storm remained asymmetric, and transient mesovortices were occasionally detected by the radar. The storm at this stage fit the description of Tropical Storm Allison given by Sippel et al. (2006) : a broad cyclonic region with embedded small areas of larger vorticity and the lack of a clear-cut center location. The early stages of Tropical Storm Dolly (Reasor et al. 2005 ) had a similar structure.
A number of questions arise from this evolution. Of central interest are (i) whether the cell was a supercell; (ii) whether the cell caused the rapid deepening, or was simply part of the process; and (iii) the physical and dynamical mechanisms of this asymmetric rapid intensification. These issues will be addressed in the discussion.
Discussion
a. Was this a supercell?
The inner-core cell was unusually intense in terms of the depth of 30-dBZ radar return and scattering in the 37-and 85-GHz microwave channels, all of which fell within the top 0.2% of cells measured by TRMM in any location (i.e., land or ocean; Cecil et al. 2005) . The structure of the lower-tropospheric radar image at 0841 UTC (Fig. 6e ) strongly resembled the supercell schematic of Lemon and Doswell (1979, their Fig. 7) . The presence of a hook and a weak echo region showed clearly. A distinct lightning signature lasted for 50 min (Figs. 4-6) . The maximum one-dimensional vorticity met a supercell criterion from Bunkers et al. (2009) by exceeding 0.6 3 10 22 s 21 for more than 30 min (Fig. 7) . The 700-hPa vorticity maximum was at least as large as those observed in offshore tropical cyclone supercells (Eastin and Link 2009) (Fig. 6) , consistent with observations of midlatitude cells (Shafer et al. 2000) . CAPE and helicity in the region where the cell formed (Sharp et al. 2002) were comparable to those found in the vicinity of tropical cyclone supercells by Baker et al. (2009) and Eastin and Link (2009 (Weisman and Klemp 1986) . Wind speeds in TS Gabrielle, however, were strongest in the lower troposphere and decreased upward (Figs. 8 and 9 ). The mesocyclone detected by the radar was much larger than those observed in tropical cyclone supercells (e.g., Eastin and Link 2009) . Reconnaissance aircraft flights only 10 min after the clear hook echo revealed a narrow warm core that almost certainly arose from subsidence (see Fig. 12 ). The weak echo region of a supercell does not contain subsidence. Finally, in the high-vorticity environment within the core of a hurricane, only a right-moving supercell would be expected. The observed cell moved inward, which is unlikely to be right of the mean wind in a tropical cyclone.
This cell is much more likely to fall into the general category of a vortical hot tower (VHT; Hendricks et al. 2004) . Its lifetime and its maximum wind speed in the lower troposphere fit the simulations of Montgomery et al. (2006) and the observations of Houze et al. (2009) and Bell and Montgomery (2010) , and are suggestive of a bottom-up development of the storm. The strong cell in TS Gabrielle resembled those shown by Kelley et al. (2004) : single intense deep cells in the tropical cyclone core at the downwind end of convective bands. The TS Gabrielle cell also had properties of that given by Houze et al. (2009) : maximum vorticity of order 10 22 s 21 , strong localized warming adjacent to the cell, and, based on the reflectivity structure in Fig. 11 , broad deep updrafts. Recent work by Romps and Kuang (2010) strongly suggests that fusion heating is responsible for these broad updrafts reaching the tropopause. The presence of exceptional 85-GHz scattering, indicating large ice content, also indicates strong fusion heating. The cells described in this paper and by Houze et al. (2009) might be be unique to the high-moisture, largevorticity environment of the tropical cyclone core.
b. Nature of asymmetric RI Figure 3 revealed what appeared to be a key transition in TS Gabrielle. At that time (0741 UTC), a new circulation center was apparently forming within the downshear precipitation shield. Only after this reformation did a strong cell develop just downshear left of the new center. As noted above, the cell likely produced large fusion heating in the mid-and upper troposphere, based on both the huge TRMM 85-GHz scattering and the reasoning of Romps and Kuang (2010) . Nolan et al. (2007) showed that KEE reached its largest values at inner radii at elevations of 6-10 km. The strong cell was thus perfectly structured and well placed to contribute to rapid intensification of the storm. Evidence for the efficient creation of kinetic energy by heating within the cell is present in the rapid growth of wind and vorticity in the core revealed by Figs. 7 and 8 . Support for the large efficiency of conversion of heating to warming (Vigh and Schubert 2009) showed in the reconnaissance cross section in Fig. 12 : a strong localized warm core adjacent to the cell (see Figs. 6f and 7f) and on a similar scale to the cell, coincident with the location of the minimum central pressure.
Even though the simulations of Nolan (2007) contained no ambient vertical wind shear, some insight can be gained by direct comparison with his results. In his simulation, azimuthal mean vorticity in the boundary layer inside the 10-km radius grew by almost a factor of 3 in a single hour, from 1.2 to 3.1 3 10 23 s
21
. Figure 7 of this paper indicated rapid vorticity growth in TS Gabrielle. In both Nolan's simulation and TS Gabrielle, this vorticity growth occurred in the presence of heating at small radii. An x-y plot of lower-tropospheric vorticity (Fig. 18 from Nolan 2007) displayed a single maximum about 10 km outside of the center of circulation, not unlike the structure in Fig. 7d . Finally, Nolan's (2007) inner-core vortex developed quickly as a separate wind maximum within a broader wind field of about 15 m s 21 at the 55-km radius, much like Figs. 8 and 9 of this paper. Tropical Storm Gabrielle differed in that both the heating and the related vorticity were much larger, the storm was more asymmetric, and the intensification was more rapid but also more brief.
One apparent role of the ambient vertical wind shear in this process was to promote the growth of a strong cell by maximizing the favorable anomalies of vertical motion, inflow and inflow depth, helicity, CAPE, and local shear in the downshear-left quadrant Vollaro, 2008, 2010; Black et al. 2002) , especially near the center (Eastin et al. 2005; Braun and Wu 2007) . The sequence of events for RI is seen as follows: (i) strong vertical wind shear produced persistent downshear rainfall and subsequent downshear vortex redevelopment within the precipitation shield (Fig. 3) , (ii) the tilting of this new vortex by the ambient shear created favorable conditions for a strong cell to develop downshear in the storm core (e.g., Eastin et al. 2005; Braun and Wu 2007) , and (iii) this cell dramatically enhanced the heating in the region of large KEE (Nolan 2007 ) and contributed to subsequent rapid intensification of the storm. This process provides a mechanism for asymmetric rapid intensification. It is argued that the rapid intensification occurred because of the ambient shear, not in spite of the ambient shear. This fits the arguments made by Reasor and Montgomery (2001) , who noted that if downshear convergence and convection were larger than could be produced by symmetric mechanisms alone, intensification could be accelerated by the presence of vertical wind shear. Based on Table 1 shown earlier, such storms might be expected to have strongly unfavorable ambient vertical shear and deepcloud symmetry, but otherwise have relevant parameter values that fall within a standard deviation of those found for RI by DeMaria (2003, 2010) .
These arguments raise the question as to why all strongly sheared storms do not rapidly intensify by the same process. For instance, TS Chantal (2001) experienced almost identical vertical wind shear magnitude to TS Gabrielle, exhibited a similar horizontal structure (Heymsfield et al. 2006) , and contained several strong cells. Yet Chantal did not experience RI. It is speculated that in TS Gabrielle the approach of an uppertropospheric trough was a key factor in allowing this sheared storm to intensify rapidly. The upward motion associated with the trough would in principle contribute to the increase in CAPE and helicity associated with stronger radial-vertical flow (Molinari and Vollaro 2010) , and thus make a strong, long-lasting downshear cell more likely. This hypothesized role of the upper trough is consistent with the observation by Kaplan and DeMaria (2003) that large inward eddy fluxes of angular momentum often accompanied RI when symmetry conditions were not met. Such fluxes usually indicate the approach of an uppertropospheric trough (e.g., Molinari and Vollaro 1989) .
The symmetric dynamics of tropical cyclone intensification, including the role of unbalanced boundary layer flow, has been clearly described by Smith et al. (2009) . Even storms with small ambient shear have asymmetric structure during deepening in the form of VHTs (Eastin et al. 2005; Montgomery et al. 2006; Nolan 2007; Rogers 2010) . But the RI in TS Gabrielle took a different form: a single intense cell interacting with a primary vortex in the presence of highly asymmetric clouds and precipitation and large ambient shear. The detailed dynamics of this asymmetric RI remains to be fully understood.
